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An outbreak of anthrax in a single homogeneous geographical region is 
modelled. The spread of the disease to neighbouring regions is also simu- 
lated and the model is compared with data from the 1970 epizootic in the 
Kruger National Park. 
Two possible driving mechanisms for the epizootic are proposed and 
examined, viz. environmental contamination or direct contact between 
vulnerable animals and fresh carcases. In the latter case, it is shown that 
the model exhibits a threshold effect, in that an epizootic will only arise 
if the vulnerable population exceeds a threshold value which is determined 
in terms of one of the parameters of the model. 
Background 
The mechanisms by which anthrax is transmitted’ amongst 
the large mammal populations of the northern Kruger 
National Park differ markedly from those of most diseases 
for which epidemic models have been constructed.2 The 
principal difference is that an infected, but still living, 
animal does not spread the disease, but only becomes a 
source of further infection when it dies. The spores then 
released from the carcase may then be directly ingested by 
other animals from the carcase, or may be spread into the 
environment, from which they may be ingested later. Direct 
ingestion from a carcase can occur even among herbivores, 
as kudu have been observed to lick the face of a recently 
deceased member of the social group.3 Dissemination into 
the environment is via two vectors -- flies which contami- 
nate vegetation in the immediate vicinity of the carcase, 
and vultures which feed on the carcase and then contaminate 
water bodies possibly at a considerable distance. 
A further feature of the disease which affects the 
epizootic behaviour is the incubation period from infection 
to death, which is believed to vary between one and ten 
days, with a mode of about four days. 
The model 
Our model is a set of difference equations with a daily 
iteration. The variable time delay of incubation necessi- 
tates the use of difference forms. 
On each day the number of animals becoming infected, 
n, is given by: 
n, = v,_r(l - e-(at-l+Yft)) (1) 
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where v is the number of vulnerable animals, a the 
environmental contamination, f the number of animals 
dying on that day, and y is a constant. The expression 
1 - e-(“t-r+7ft) is thus the probability of an animal 
becoming infected, and is the complement of the first term 
of a Poisson distribution with a mean a,_t + rf,, which in 
turn is the mean number of spores ingested by an animal 
in a day. The use of a Poisson distribution implies a random 
ingestion of spores by the animals, which is unlikely, but 
the use of the expression keeps the proportion of vulner- 
ables infected below unity even when the mean number of 
spores ingested is very high. The vulnerable stock is reduced 
by n each day. 
The environmental contamination, a, is defined in terms 
of the number of spores effectively ingested by an animal 
in one day; that is, ignoring spores ingested that do,not give 
rise to infection. The contamination is affected by two 
processes, a decay rate, by which spores cease to be 
infective, and an increase by spores disseminated from 
carcases. The decay rate, (Y, represents the death of spores 
and, of greater importance, the removal of spores from the 
accessed parts of the environment, by being washed off 
leaves to the ground, sinking into the mud at water holes 
and so on. The increase rate is assumed to be proportional 
to the number of carcases in the field, c. Thus the equation 
forais: 
4 -a,_r= - (Yat-_l+@cr (2) 
The newly infected animals, n, will die after a certain 
number of days. The distribution of incubation periods is 
given by the vector, p, in which pi is the probability of an 
animal dying i days after infection. Zpi is one, since 
resistant animals, that can survive infection, are ignored in 
the model (they are not included in the initial number of 
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vulnerables, Us). At each iteration the new cases are placed 
in a due-to-die vector, d, in accordance with p. At the same 
time, the elements of d are moved down one step, with the 
number in d,,,_ 1 becoming the number of fresh carcases, ft. 
Thus : 
di,t=di+l,r-l +Pi’nt-l i= 1,2,3 (3) 
ft=d1,,-l (4) 
The fresh carcases provide a direct source of infection to 
the vulnerable animals (as shown in (1) and (2)) via the 
‘fresh carcase term’, y. These carcases themselves decay, or 
cease to be a source of contamination, by the action of 
scavengers and by intentional carcase removal by man. Thus 
the equation for disseminating carcases, c, is: 
ct - C*-_l= fr - SC,_1 (5) 
The decay-rate of carcases, 6, is related to the ‘half-life’ of 
carcases: the time taken for c to be reduced by half, by 
natural means, and/or by removal. For example, S = 0.09 
means a half-life of about a week, whereas S = 0.3 means a 
half-life of about two days. S = 1 means immediate removal 
of carcases. 
In the simulations, the difference equations are used in 
the order (4), (l), (S), (2) and (3). 
Running the model in a single region 
There are two hypotheses that may be made as to how the 
epizoiitic is driven: (a), largely by the environmental con- 
tamination (the contamination hypothesis); (b), largely by 
the fresh carcases (the classical hypothesis). 
In this and the next section we will examine the first of 
these hypotheses, what evidence there is for it, and what 
conclusions may be drawn from it. We will examine the 
classical hypothesis later in this paper. 
The contamination hypothesis requires that a is the 
driving force behind the epizoiitic. We therefore take its 
decay rate, a, to be fairly small, viz. 0.01, or 1% per day. 
This will ensure that the environmental contamination 
remains at a high level long after the epizoijtic has passed, 
an observation which has been made in the field.3 Since the 
fresh carcase effect is small under this hypothesis, we take 
its parameter y as 0.001 (a physical interpretation of y is 
given later in the paper). The other parameters are chosen 
in such a way as to ‘tune’ the model as closely as possible 
to reality (see next section), and are listed together for 
convenience in TabZe I. These values give rise to what we 
call our ‘standard’ run. 
Concentrating for the moment on an epizoiitic in a 
single area, as described in the previous paragraph, we start 
a run with 120 vulnerable animals in the area. The disease is 
triggered by one initial fresh carcase (d,,, = 1, equation (4)), 
with all other variables initially zero. 
The results of such a standard run are shown in Figure I, 
where the vulnerable population (v), the contamination (a), 
and the epidemic curve (n) are plotted. It is notable that all 
the vulnerable animals die, and that the contamination level 
remains high long after the last animal has died. 
Table 1 
Parameters 
Q = 0.01 
p = 0.001 
y = 0.001 
6 = 0.6 
p, = 0.2 
P* = 0.6 
pn = 0.2 
Variables 
vg= 120 
f. = 1 
a, = C, = no = 0 
5 
1 
I 
0 1 
Dap 
Figure 7 Standard run in a single region, using parameters of 
Table 1 
5 
[ 
150 120 
I 
Figure 2 Standard run, with 01 = 0.1 
The sensitivity of the model to changes in the parameters 
is shown in Figures 2-4. 
Increasing o( tenfold we see in Figure 2 that 21 vulnerables 
remain untouched by the disease, which is made possible by 
the contamination level falling off sharply. 
Decreasing S to 0.1 (which implies a carcase half-life of 
about a week) leads to a much sharper decline in the 
vulnerable population, and an epidemic curve which is 
skewed slightly to the right (see Figure 3). Increasing S to 
its maximum of one does not alter the standard run. 
Reducing /3 tenfold (Figure 4) stretches the epizoijtic out 
enormously to almost three years, although about 22 
vulnerable animals manage to survive. 
Reducing y tenfold has very little effect on the standard 
run. 
Finally, if the incubation period is lengthened, to say 
four days, the effect on the standard run is not very great. 
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Figure 4 Standard run, with p = 0.0001 
Thus it is clear that the standard run is most sensitive to 
the contamination equation parameters, 01 and /3. 
To test the contamination hypothesis against data, we 
now consider an extension of this single region model to 
five interacting regions. 
Extension to five interacting regions 
If one examines the spatial and temporal distribution of 
carcases found (and removed) during the 1970 epizoiitic in 
the Kruger National Park, South Africa, a number of 
isolated outbreaks, which appear to spread from area to 
area, are discernible. 
Figure 5 shows a map of the northern area of the Park, 
in part of which anthrax is enzoiitic, recurring annually. 
The distribution of carcases, which is also tabulated on a 
weekly basis in the composite Table, indicates at least five 
regions as a basis for an inter-regional model. 
The model as described earlier in the paper easily lends 
itself to extension. The (scalar) variables a, c, v etc. are 
replaced by vectors of five dimensions, (I, c, v etc, where, 
for example, Vi, the ith component of the vector V, repre- 
sents the vulnerable population in the ith region. 
The only additional feature is a mechanism whereby the 
disease spreads between regions. This is provided by incor- 
porating a ‘proximity matrix’, P, into the vector equivalent 
of the contamination equation (equation (2)): 
Off1 - ut = -OUlt + ppct+l 
The diagonal elements of P are in general all unity. If all 
the other elements were zero, there would be no inter- 
regional activity, and the infectivity equation in each region 
would be identical. However, to allow for interactions, 
some nondiagonal elements are nonzero. 
Thus pji represents the degree to which carcases in the 
jth region contaminate the ith region. 
The same parameters used previously for the standard 
run are used for the standard regional run. The pji are 
given by : 
1 0 0 0 0 
0.2 1 0 0 0 
P= 0.5 0 1 0 0 
0 0 0.2 1 0 
0 0.05 0 0.1 1 
Region 2 (66) 
Region 4 (66) 
Figure 5 Northern area of Kruger National Park, showing numbers 
of anthrax cases in 1970. (Open circles = kudu, solid = others, 
smallest circle = 1 case, largest = 27) 
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The initial vulnerable populations in the five regions are 
taken as 14, 75,47, 75 and 120 respectively. The large 
number of deaths (45) reported all in one week in region 3 
(see Table) present a slight problem, in that the rapid 
passage of the disease through this group is not consistent 
with the standard parameters. The matter is resolved, how- 
ever, if the group is treated as very closely associ&ed and 
given a much larger value of y = 0.125 (the fresh carcase 
parameter). This corresponds to a much lower threshold for 
this group (see next section). 
The inter-regional outbreak is triggered by an initial 
contamination in the first region of 0.4 (i.e. aI(O) = 0.4) 
although an initial fresh carcase will work just as well. All 
other variables are initialized to zero. 
The weekly deaths from this run are tabulated in Table 2, 
while all five epizoijtic curves and contamination in one 
region are shown in Figure 6. Agreement between model 
and data is fairly good, and the model kills 33 1 animals, as 
opposed to 327 in real life. Notable features are that all 
vulnerables are killed and that the contamination level 
remains high throughout (Figure 6). In this run, increasing 
6 to its maximum of 1 has little effect, since CY is so low. 
If a somewhat higher value for CY, the contamination 
decay rate, is acceptable, the model can be ‘tuned’ to the 
data with CY = 0.05, F = 0.1 (half-life of one week for 
carcases) and fl= 0.0005. The results of this run are given 
in TabZe 3, where the fit is again good. However, if 6 is 
changed to 1, the effects (Table 4) are dramatic, in that now 
only 11 I animals die. The implication here is that if a daily 
decay rate of 5% for the contamination is acceptable, then a 
control policy of spotting and removing carcases the day 
after they have fallen may substantially reduce the size of 
the epizootic. 
An approximate threshold 
We now turn to the ‘classical’ hypothesis, viz. that the 
epizootic is driven mainly by the fresh carcases. 
A well-known result in the general theory of epidemics* 
is the ‘threshold-theorem’.4 This theorem states that an 
epidemic, modelled in a particular way, will spread only if 
the susceptible (vulnerable) population exceeds a certain 
o*r 12- 
r, 
!i 
R-1 
Ii 
----- Rec~lon 2 
-.-.- Region 3 
. . 
--- Reg1on4 
-..-..- Reckon 5 
0 20 40 60 80 
Days 
Figure 6 Standard run over five regions 
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Figure 7 Threshold effect, in a single region, using parameters of 
equation (6). and three different values of v(O). Fresh carcase counts 
are lower three curves 
threshold value, which may be determined from the para- 
meters of the model. 
Our model, although structurally different from the 
general model quoted above, also exhibits a threshold effect 
under certain conditions. If we replace the state variables 
given earlier by continuous functions of time, and assume 
that infected animals die immediately, then: 
j-(t - 1) = n(t - 1) 
and equation (1) becomes: 
n(t) = v(t)( 1 - e- (n(t)+Yn(r- l))) 
Taylor expanding the exponential and n(t - l), and neglect- 
ing higher-order terms, we have : 
n’zI(l-1+atynyri) 
yvn = va •t n(yv - 1) 
Assuming vu to be negligible, we seen that ri > 0 (i.e. an 
epizootic occurs) only if: 
7J> l/r 
Since z, is monotonic decreasing with time, this implies that 
an epizootic will occur only if v(0) exceeds the threshold 
value of l/r. 
It should be noted that this approximation is only valid 
under our classical hypothesis, since we have assumed the 
contamination level to be low. 
Our threshold result may be verified numerically. To do 
so we first study a single region. The parameters are chosen 
as: 
01 = 0.5 
p = 0.0002 
y = 0.01 
(6) 
6 = 0.6 
(Y and fl have to be chosen to minimize the contamination 
effect, and hence they differ greatly from their standard 
values of the previous sections. In keeping with the above 
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approximation, we also require all infected animals to die 
the day after infection, so that p1 = 1. 
Since 7 = 0.01 the threshold value of z, is 100. Taking 
v(0) = 150, i.e. 50 above threshold, we find (Figure 7) that 
v has its greatest slope and the epizo&ic curve has its maxi- 
mum at about the threshold value of V. Defining u as the 
‘size’ of the epizoiitic - the total number of animals 
dying - we find u = 98 in this case. 
There is an immediate contrast here with the contamina. 
tion hypothesis - some vulnerables never contract the 
disease. 
Keeping l/y at 100, if v(0) = 120, which is closer to 
threshold, o is reduced to 5 1. Lowering v(0) well below 
threshold to 75 yields only four deaths - no epizo6tic. In 
this case, the daily fresh carcase count, starting with the 
initial one injected into the system, is strictly decreasing 
(see Figure 7). 
Keeping the parameters as in equation (6) but distribut- 
ing the time-to-death as in the standard run (Table I) we 
have the situation depicted in Figure 8. The contamination 
is also shown here, where it falls off rapidly in contrast to 
the situation under the contamination hypothesis (see 
Figure I). 
The model is now very sensitive to variations in 7 since 
this alters the threshold. For example, if l/7 = 200, the 
situation in Figure 7 is changed drastically. If v(0) = 150, 
only five animals die, instead of 98. 
If it is necessary to make the epizoiitic peak earlier, this 
can be achieved by triggering it with a(O) # 0 instead of 
injecting a fresh carcase into the system. Figure 9 shows a 
peak after only 8 days, instead of 17 days in Figure 8. The 
epizoiitic curve is also noticeably skewed. 
To compare this version of the model with the data, we 
set up an inter-regional model as before, except that for 
tuning purposes we take P as: 
1 0 0 0 0 
0.2 1 0 0 0 
0.5 0 1 0 0 
0 0 0.6 1 0 
0 0.2 0 0 1 
r 150 110 I 
8 
c 
6 
MYS Possibility (i), that some animals are not vulnerable to 
Figure 8 Parameters as in equation (6). but pi as in Table 7 anthrax, could be explained by reference to their general 
n 1 n / 
-0 10 20 30 46 
Days 
Figure 9 Parameters as for Figure 8, but with a, = 0.05 and f, = 0 
Taking the parameters used for Figure 8 we set the 
vulnerable populations initially at 20, 125, 50, 125 and 
150 in the five regions respectively. The epizootic is 
triggered by a(0) = 0.4 in region 1. The results are tabulated 
in Table 5. It is noteworthy here, that although u = 279, 
some 190 vulnerable animals survive the outbreak. 
The threshold effect is illustrated dramatically by 
re-running this version with the populations in regions 2, 4 
and 5 at their threshold values of 100. Table 6 summarizes 
the results: u is reduced to 117, and some 250 animals 
survive now. 
Since F is already set at 0.6 very little can be done by 
increasing it, so the major implication of this classical 
hypothesis is that the epizoijtic can only be stemmed by 
removing vulnerables, i.e. by restricting the size of herds, 
or by immunizing animals that are considered to be at risk. 
Conclusions 
We have shown that it is possible for our model to fit the 
data from the 1970 epizoiitic with several different sets of 
parameter values, including the initial numbers of vulnerables 
as a parameter. In fact if some of the parameter values are 
pre-chosen (say CY and fl) it is remarkably easy to tune the 
remaining parameters to get a reasonable fit to the data 
over the five regions. There are, however, certain limits to 
this. If the epizoijtic is contamination driven, and especially 
if (Y is low, no vulnerables will survive. Conversely, if 
vulnerables are to survive, CY must be fairly high, as the 
epizoijtic must be classical, that is, spread from fresh 
carcases, or the epizoiitic will run too slowly. At first sight 
these conclusions appear to be in contradiction to field 
observations as by no means all animals of the affected 
species die, and spores can be found long after an epizoiitic. 
The explanations of these apparent contractions are that 
either: 
(i) not all the animals are vulnerable 
(ii) not all spores that can be found by sampling are 
contamination in the sense of being liable to infect animals. 
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physiological condition. It appears that anthrax epizoiitics suggesting the project, and for stimulating discussion; 
in the Kruger National Park generally occur at times when Dr V. de Vos and Mr P. Retief, of the National Parks 
animal condition can be expected to be low, in winter after Board, South Africa, for valuable insights into the problem 
drier summers. and for painstaking collection of data; Miss G. Illingworth 
Possibility (ii) is certainly true to some degree as deliberate for assistance with computing. Computation was done at 
research sampling will usually follow a different pattern to the the Computer Centre, University of the Witwatersrand, 
‘sampling’ a herbivore performs on the environment. It may Johannesburg, using DRIVER.s 
be worthwhile modifying sampling techniques to approxi- This work was supported in part by grants from Total 
mate that of the animals. (S.A.) and the Colin James Young Trust. 
In the model, the distinction between fresh carcase and 
environmental spread may be a misnomer. These two 
operate as a fast-decaying element and a slow-decaying 
element. A poJsibility is that all the spread is via the 
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